Abstract. congenital cytomegalovirus (cMV) infection is the most common infectious cause of sensorineural hearing loss in children. While the importance of cMV-induced SNHL has been described, the mechanisms underlying its pathogenesis and the role of inflammatory responses remain elusive. The present study established an experimental model of hearing loss after systemic infection with murine cMV (McMV) in newborn mice. Auditory brainstem responses were tested to evaluate hearing at 3 weeks, expression of inflammasomeassociated factors was assessed by immunofluorescence, western blot analysis, reverse transcription-quantitative polymerase chain reaction and ELISA. McMV sequentially induced inflammasome-associated factors. Furthermore, the inflammasome-associated factors were also increased in cultured spiral ganglion neurons infected with McMV for 24 h. In addition, McMV increased the content of reactive oxygen species (ROS). These results suggest that hearing loss caused by McMV infection may be associated with ROS-induced inflammation.
Introduction
Cytomegalovirus (CMV) is the most significant cause of developmental disorders associated with intrauterine infection in humans, potentially resulting in hearing loss (1) (2) (3) . Only 10-15% of children with congenital cMV infection exhibit clinical signs at birth, although even children who appear asymptomatic at birth are at risk of neurodevelopmental sequelae (2, 4) . Sensorineural hearing loss (SNHL) occurs in symptomatic and asymptomatic cMV infections (5, 6) . It was reported that the progression of cMV brain infection in neonatal mice pivots on innate and adaptive immune responses (7) . A previous study by our group indicated that cleaved caspase-1 and downstream inflammatory factors, including interleukin (IL)-1β and IL-18, were activated in cMV-infected cochleae (8) . However, little is known regarding the factors that initiate the inflammatory process in SNHL induced by cMV.
In the inner ear, the spiral ganglion neurons serve the important function of conveying electric signals to the brain (9) . Inflammation may also damage the spiral ganglion neurons (SGN) of the inner ear through the round window membrane and cause SNHL (10) . In addition, Schachtele et al (1) have reported that cochlear SGN apoptosis occurred in neonatal mice with murine (m) cMV infection, leading to SNHL. However, the mechanisms underlying the induction of this apoptotic process of SGN have remained elusive.
Studies on viral brain infection in adult and neonatal mice suggest that recruitment of neutrophils and macrophages is the primary innate defense mechanism against cMV (11) . However, these immune cells may also be harmful to the inner ear by production of reactive oxygen species (ROS) (1) . Substantial evidence has suggested that ROS has an important role in the pathogenesis of inflammation and tissue injury (12, 13) .
Intracellular ROS generation may induce the activation of the nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome in response to a variety of cellular stressors (14) . The NLRP3 inflammasome acts as a molecular platform through inducing the maturation of pro-inflammatory cytokines, including IL-1β and IL-18 (15, 16 (17) . However, it has remained elusive whether CMV activates the NLRP3 inflammasome through ROS in the whole inner ear and SGN. In the present study, a model of hearing loss was established in mice inoculated with murine (M)cMV early in the postnatal period to observe whether the McMV-induced hearing loss is based on the generation of ROS to induce inflammation in vivo and in cultured SGN. The results indicated that cMV induces SNHL, at least in part, via this mechanism.
Materials and methods
Reagents. Anti-NLRP3 (1:1,000 dilution; cat. no. 19771-1-AP) antibody was purchased from ProteinTech Group, Inc. (Chicago, IL, USA). Anti-ASC antibody (1:1,000 dilution; cat. no. ST1121) and anti-caspase-1 (p20) antibody (1:1,000 dilution; cat. no. AP1043) were purchased from Chemicon (EMd Millipore, Billerica, MA, USA). Anti-β-actin antibody (1:10,000 dilution; cat. no. 13E5) was purchased from cell Signaling Technology, Inc. (danvers, MA, USA), and pro-IL-18 and IL-18 (1:1,000 dilution; cat. no. BAF-1520) pro-IL-1β and IL-1β (1:1,000 dilution; cat. no. AF-401-SP) antibodies were purchased from R&d Systems (Minneapolis, MN, USA). Anti-NeuN (1:500 dilution; cat. no. ab177487) and ROS inhibitor N-acetyl-L-cysteine (NAC; 1:1,000 dilution; cat. no. ab143032) were purchased from Abcam (cambridge, UK). ELISA kits for IL-1β/18 were purchased from UScN Life Sciences, Inc. (Wuhan, china).
Virus and animals.
McMV (Smith strain) was provided by dr Meng Hong (Medical college of Shandong University, Jinan, china). Specific identification of the virus was described previously (18) . McMV was replicated in NIH3T3 cells (American Type culture collection, Manassas, VA, USA) cultured with Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), streptomycin (300 g/ml) and penicillin (300 U/ml). The supernatant of the McMV-infected NIH3T3 cells was centrifuged at 1,600 x g for 10 min at 4˚C. Viral stock titers were determined using 3T3 cells as 50% tissue culture infective doses (2,000 pfu) per milliliter. McMV was stored as aliquots at -80˚C until use.
Murine mouse model. Newborn BALB/c mice (within 24 h of birth, weight 1.5-2 g, n=80) were divided into two groups (each group had 40 mice, 1:1 male to female ratio). McMV suspension (50% tissue culture infective dose=2,000 pfu/ml, 15 ml) was slowly injected into the cerebral hemisphere of mice using a micro syringe along the sagittal suture, with a depth of 2-3 mm (19) . Following injection, the injected group and the control group mice were separated into two cages and fed by hand to mimic the maternal feeding, and were maintained at room temperature under a 12 h light/dark cycle and a humidity of 50-60%. Mice were observed for their growth and developmental status daily (19) . Mice were supplied by the Animal center at Xuzhou Medical University (Xuzhou, china). Animal experiments were performed in accordance with a protocol approved by the Ethics committee of the Experimental Animal center at Xuzhou Medical University (Xuzhou, china).
Evaluation of hearing loss. Hearing loss was evaluated at 3 weeks of age by measuring the auditory brainstem responses (ABRs). Mice were anesthetized with 100 mg/kg ketamine hydrochloride (INN ketamine) and 10 mg/kg xylazine, and intubated with a 22-gauge catheter, and artificially ventilated (Hallowell EMc, Pittsfield, MA, USA) through an intraperitoneal injection. click stimuli were generated and ABR waveforms were recorded in decreasing 1 dB intervals from a 90 dB sound pressure level until a threshold was reached (no waveforms were visualized).
Primary culture and identification of SGN.
Ten neonatal BALB/c mice were immersed in 75% ethanol after receiving anesthesia by inhalation of ethyl ether. The bilateral temporal bones were removed, and the spiral ganglion tissue was dissected from the stria vascularis and basilar membrane. The tissue was then digested with 0.25% trypsin (without EdTA) (cat. no. A610609; Sangon Biotech Co., Ltd., Shanghai, China) for 30 min at 37˚C. After the samples were centrifuged for 8 min at 1,600 x g, the cells were resuspended and placed in 35-mm cell culture plates (2x10 4 cells) coated with poly-L-lysine. cells were maintained in dMEM/F12 (GE Healthcare, Little chalfont, UK), supplemented with 20% FBS, 10% neurotrophic factor B27 and 1% penicillin-streptomycin, and placed in an incubator with 5% cO 2 and 95% air at 37˚C. cytarabine (5 µmol/ml) was used to purify the SGN for 72 h. NF-200 (1:500 dilution; cat. no. ab177487; Abcam) was the primary antibody added at 4˚C for 24 h, followed by the Alexa Fluor 488 goat anti-mouse IgG (H+L) secondary antibody at 37˚C for 30 min (1:500 dilution; cat. no. A11032; Thermo Fisher Scientific, Inc.) in order to identify neurons.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The total RNA of mouse cochlea was extracted using TRIzol reagent according to the manufacturer's protocol (Tiangen Biotech, Beijing, china). complementary dNA (cdNA) was synthesized from 1 mg total RNA using the ImProm-II™ Reverse Transcription System (Promega corp., Madison, WI, USA). PCR amplification of the cDNA and quantification was then performed using SYBR Green (Stratagene; Agilent Technologies, Inc., Santa clara, cA, USA). The PcR conditions for the Mx3000P QPcR System (Stratagene) were as follows: 40 denaturation cycles at 95˚C for 10 sec, annealing at 60˚C for 10 sec and elongation at 72˚C for 10 sec. The relative product levels were quantified using the 2(-Delta delta c(T)) method (20) . data presented are representative of three independent experiments. β-actin as internal standard was arbitrarily assigned a value of 1.0. The sequence-specific primers used for qPcR were as follows: IL-18 sense, 5'-ccA AGG AAA TcG Gcc TcT AT-3' and antisense, 5'-TTG TTc TCA CAG GAG AGA GTT GA-3'; IL-1β sense, 5'-AAG AAG AAc ccG Tcc TcT GcA AcA-3' and antisense, 5'-TcA GcT CAT ACG TGC CAG ACA ACA-3'; β-actin (control) sense, 5'-GGG TcA GAA GGA TTc cTA TG-3' and antisense, 5'-GGT cTc AAA cAT GAT cTG GG-3'.
Western blot analysis. Western blot analysis was performed as described previously (21) . The cells were solubilized in lysis buffer (100 mmol/l Tris-Hcl, 2% SdS, 10% glycerin, 100 mmol/l DL-dithiothreitol and protease inhibitors; pH 6.8). Protein extraction of the cytosolic and mitochondrial fractions was performed using a multiple centrifugation method as described previously (8, 21) . The sample protein concentrations were determined using a BcA protein assay kit (Thermo Fisher Scientific, Inc.). Protein (30 ng) were separated using SdS-PAGE (10% gel) and then electrotransferred onto a nitrocellulose membrane (EMd Millipore). After blocking for 3 h with 3% bovine serum albumin (BSA) (E661003; Sangon Biotech Co., Ltd., Shanghai, China) in Tris-buffered saline with 0.1% Tween-20 (TBST), membranes were incubated overnight at 4˚C with primary antibodies in TBST containing 3% BSA and then fluorescently labeled secondary antibody (1:10,000; cat. no. A7650; Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. After washing, the protein bands were scanned with the Odyssey Infrared Imaging System (Li-cor Biosciences, Waltham, MA, USA) (without EcL/staining).
Immunofluorescence. cells were grown in 48-well plates. After the respective treatments, cells were washed twice with PBS and fixed with freshly prepared 4% paraformaldehyde at room temperature for 15 min. For inner ear tissue staining, inner ear tissue was horizontally sliced into 5-µm sections, which were mounted on glass slides. Antigen accessibility was increased by treatment with 2% Triton X-100 for 10 min at 37˚C. The samples were then blocked with 3% BSA for 30 min. The samples and cells were incubated with the primary antibodies overnight at 4˚C. After washing three times with PBS, samples and cells were stained with a secondary antibody Alexa Fluor 488 goat anti-mouse IgG (H+L) (1:500 dilution; cat. no. A11032; Thermo Fisher Scientific, Inc.) for 1 h at 37˚C. The nuclei were counterstained with dAPI for 15 min. After each incubation, the samples and cells were washed thrice with PBS for 5 min each. The morphology of SGN cells and the inner ear tissues were observed and images were captured with an Olympus dSU-IX81 confocal microscope (Olympus, Tokyo, Japan).
Detection of intracellular ROS.
The generation of intracellular ROS was measured by monitoring the increasing fluorescence of 2070-dichlorofluorescein (DCF). 2070-dichlorodihydorofluorescein diacetate (DCFH-DA; Sigma-Aldrich; Merck KGaA, darmstadt, Germany) is cell-permeant and enters the cells where intracellular esterases cleave off the diacetated group. The resulting dcFH was retained in the cytoplasm and oxidized to dcF by ROS. SGN were seeded into each well of a 48-well plate. After 24 h of infection with 10 µl McMV/1 ml dMEM at 2,000 pfu/ml, cells were then washed once with phenol red-free medium and incubated in 200 µl DCFH-DA working solution (20 mM) at 37˚C for 30 min. The cells were observed under a fluorescence microscope (Olympus). Fluorescence (488 nm excitation and 530 nm emission) was measured after 30 min using a microplate fluorometer (Thermo Fisher Scientific, Inc.). In order to inhibit the generation of ROS, cells were pretreated with 5 mM NAc (ROS inhibitor) for 2 h (37˚C) prior to MCMV injection.
Measurement of total superoxide dismutase (T-SOD) and malondialdehyde (MDA).
T-SOd and MdA activities were measured using detection kits (KGT00150 and KGT003; Nanjing KeyGen Biotech co., Ltd., Nanjing, china) according to the manufacturers' protocols. T-SOd activities were examined via the xanthine oxidase method. MdA levels were detected using the 2-thiobarbituric acid method. colorimetric measurements were preformed using a multi-mode microplate reader (Synergy 2; Bio-Tek, Winooski, VT, USA).
ELISA. The ELISA kits of IL-1β included the pro-forms and IL-18 included the pro-forms were purchased from UScN Life Sciences (cat. nos. SEA563Mu and SEA064Mu). cell supernatants were collected. For all ELISAs, the substrate solution was tetramethylbenzidine, the reaction was blocked using 2NH 2 SO 4 , and absorbance was read at 450 nm. The assays were carried out according to the manufacturer's protocol. For all assays, Nunc MaxiSorp 96 well ELISA plates were used (cat. no. 439454; Thermo Fisher Scientific, Inc.).
Statistical analysis. Statistical analysis was performed using SPSS 16.0 (SPSS, Inc., chicago, IL, USA). Values are expressed as the mean ± standard error of the mean. The data of Fig. 1B were analyzed with the Mann Whitney U test and the data of Figs. 2 and 3 were analyzed by Student's t-test. The data of Fig. 5 were analyzed by one-way analysis of variance followed by Tukey's test. P<0.05 was considered to indicate a statistically significant difference.
Results

MCMV causes hearing loss in neonatal mouse model.
To establish the model of cMV-induced SNHL, neonatal BALB/c mice were injected into the right cerebral lobe with the strain of McMV (2,000 pfu/ml, 15 ml) no later than 24 h after birth. The results of ABR parameters at 21 days post McMV infection were identified. As presented in Fig. 1A , a significantly increased ABR threshold was detected in a representative cMV-infected mouse compared with those of a representative control mouse. The ABR thresholds for individual ears in control and McMV-injected mice are displayed in Fig. 1B . These results revealed that the model of cMV-induced SNHL was successfully established.
MCMV infection increases cochlear pro-inflammatory mediators.
To assess the expression of pro-inflammatory mediators during McMV infection, the protein levels of pro-IL-18/1β and IL-18/1β after McMV infection were evaluated in mouse inner ears tissues. As presented in Fig. 2A , the protein levels of pro-IL-18/1β were increased in McMV-infected mice, and the protein levels of IL-18/1β displayed the same trends. Regarding the temporal expression of IL-18/1β mRNA, the mRNA levels of IL18 and IL-1β in mouse inner ear tissues were raised after infection with McMV (Fig. 2B) . The secreted levels of IL-1β and IL-18 in inner ear tissues were also increased (Fig. 2c) .
MCMV induces NLRP3 inflammasome activation in cochlea.
To assess whether MCMV induces NLRP3 inflammasome activation in the cochlea, the neonatal BALB/c mice were infected with McMV and after 3 weeks, western blot analysis was performed to assess the protein levels of NLRP3, ASc and caspase-1 (P20). As indicated in Fig. 3A, NLRP3 and caspase-1 (p20) were increased in cochlea after McMV infection. However, McMV had no impact on the level of ASC protein. Immunofluorescence analysis of NLRP3 and caspase-1 (p20) confirmed these outcomes (Fig. 3B and C) . These results revealed that the activity of NLRP3 inflammasome in cochlea was induced after infection with McMV. 
CMV induces the generation of ROS in cultured SGN in vitro.
Prolonged exposure to excessive ROS has been implicated in neurotoxicity during viral brain infection (22) . To investigate whether McMV induced ROS production by SGN in vitro, the dcFH-dA assay was employed to determine the level of ROS. As presented in Fig. 5A and B, the cellular fluorescence intensity of the metabolite dcF was increased to multiple folds of the level in the control group, which was inhibited in the presence of the ROS inhibitor NAc. MdA was also changed in a similar manner to ROS (Fig. 5c ). As expected, T-SOd activity displayed an opposite trend (Fig. 5d) . These results suggested that cMV increased the level of ROS and MdA in the cultured SGN.
MCMV induces NLRP3 inflammasome activation in cultured SGN. The involvement of the NLRP3 inflammasome pathway in cultured SGN was then verified. The expression of NLRP3 and caspase-1 (P20) was detected by immunofluorescence. Immunofluorescence staining for the NLRP3 inflammasome was apparent in the cultured SGN infected with McMV, while virtually no staining was observed in the control group, and the inflammatory effect of McMV was reduced when the ROS inhibitor NAc was applied (Fig. 6A) . The expression of caspase-1 (P20) displayed the same tendency (Fig. 6B) . These results clearly indicated that McMV markedly increases the expression of NLRP3 and caspase-1 (p20) in the cultured SGN.
Discussion
To the best of our knowledge, the present study demonstrated that McMV actives inflammation in vivo and in cultured SGN cells. The possible effects of McMV may be due to the activation of ROS (Fig. 7) as McMV increased the level of ROS and activated NLRP3 inflammasome in the cochlea and cultured spiral ganglion neurons, resulting in caspase-1 activation and an increase in IL-1β and IL-18 maturation and release. These results suggested that ROS-induced inflammation via the NLRP3 inflammasome is a mechanism of McMV-associated SNHL.
The inflammasome is multiprotein complex localized within the cytoplasm of the cell and is responsible for the maturation of pro-inflammatory cytokines, including IL-1β and IL-18, as well as the mediation of a highly inflammatory form of cell death (23) . The canonical inflammasome includes NLR (including NLRP1, NLRP3 and NLRc4) and non-NLR (e.g. AIM2) types, which is mediated by activation of caspase-1 in response to pathogen-associated molecular patterns and damage-associated molecular pattern molecules (24, 25) . Sester et al (26) reported that AIM2 antagonist protein p202 had a high expression and low IL-1β output in response to transfected dNA and mouse cMV infection in an autoimmune hemolytic anemia model. Rathinam et al (27) reported that AIM2 binds to cytosolic dNA and initiates inflammasome responses in response to viruses including McMV and vaccinia, as well as the cytosolic bacterium Francisella tularensis. The results of a previous study by our group are consistent with these previous studies (8) . The NLRP3 inflammasome has been implicated in the pathogenesis of a wide variety of diseases, including genetically inherited autoinflammatory conditions, as well as chronic diseases, in which NLRP3 is abnormally activated (28) . However, it has remained elusive whether McMV exerts its effects by affecting the NLRP3 inflammasome in mouse cochlea. The present study demonstrated that McMV stimulated NLRP3 activity in mouse cochlea. In combination with a previous study by our group, the conclusion was drawn that the effects of McMV are not only dependent on AIM2, but also NLRP3.
As is well known, the overproduction of ROS causes severe damage to cellular macromolecules and ROS production is an important intracellular inducer of autophagy (9) . An accumulating body of evidence has also indicated that ROS has an important role in cMV infection. Xiao et al (29) described that patients infected with human cMV experience an imbalance of redox homeostasis that causes accumulation of ROS at the cellular level. The present study proved that McMV stimulated ROS activity in mouse cochlea. In addition, McMV promoted the production of ROS through decreasing SOd activities. This is the underlying mechanism for McMV-induced SNHL.
Furthermore, the present study proved for the first time, to the best of our knowledge, that McMV infection increases the level of ROS and activates the NLRP3 inflammasome in cultured SGN in vitro. during the hearing process, SGN receive an electrical signal input from cochlear hair cells and project from the cochlea to the cochlear nucleus; subsequently, the electrical signals are transmitted to the auditory cortex (30) . Therefore, the SGN are referred to as the first level of neurons of the auditory system. The dysfunction of SGN often leads to SNHL and causes implantable hearing device failure (9) . Esperanza et al (31) suggested that the expression of pro-inflammatory cytokines promotes intra-cochlear fibrosis, as well as loss of the auditory hair cells and SGN. The results of the present study indicated that McMV triggers ROS-induced inflammation in cultured SGN. This may be the mechanism to explain the SGN loss in SNHL caused by McMV. The underlying mechanisms require to be further assessed in future studies.
In conclusion, the present study indicated that McMV activates the NLRP3 inflammasome via production of ROS in mouse cochleae and in cultured SGN. Therefore, ROS-induced NLRP3 inflammasome activation is potentially a novel target for the prevention and treatment of cMV-associated SNHL.
